A mathematical model for electrohydrodymanic impedance was developed in which hydrodynamic and convective diffusion equations were coupled by a relationship between viscosity and concentration. This procedure allows better understanding the physical problem separating the mass transport and the hydrodynamic effects and the model fit to previously reported experimental results revealed a larger viscosity gradient than previously inferred. These results are consistent with the hypothesized formation of a colloidal suspension of ferrous sulfate particles. Polarization curves for an iron rotating disk electrode (RDE) in sulfuric acid electrolytes suggest complete mass-transfer control at high overpotentials. [1] [2] [3] [4] [5] [6] In 1992, Barcia, Mattos, and Tribollet 7 studied this system using electrohydrodynamic (EHD) impedance. Their results showed that the electrode surface was uniformly accessible and was not covered by a solid iron sulfate film, as had been considered by many authors. [8] [9] [10] Indeed, the EHD impedance showed that plots of the dimensionless amplitude A(p)/A(0) as a function of the dimensionless frequency p (p = ω/ , where ω is the perturbation frequency and the steady state rotation frequency) and the phase shift as a function of p reduced to unique curves that were independent of the stationary electrode rotation speed. This result was coherent with a uniformly accessible surface and showed that a solid film was not present on the electrode.
Polarization curves for an iron rotating disk electrode (RDE) in sulfuric acid electrolytes suggest complete mass-transfer control at high overpotentials. [1] [2] [3] [4] [5] [6] In 1992, Barcia, Mattos, and Tribollet 7 studied this system using electrohydrodynamic (EHD) impedance. Their results showed that the electrode surface was uniformly accessible and was not covered by a solid iron sulfate film, as had been considered by many authors. [8] [9] [10] Indeed, the EHD impedance showed that plots of the dimensionless amplitude A(p)/A(0) as a function of the dimensionless frequency p (p = ω/ , where ω is the perturbation frequency and the steady state rotation frequency) and the phase shift as a function of p reduced to unique curves that were independent of the stationary electrode rotation speed. This result was coherent with a uniformly accessible surface and showed that a solid film was not present on the electrode. 11 As simulations have shown that the concentration of ferrous ions at the electrode surface greatly exceed super-saturation values, 12 the work of Barcia et al. 7 suggests that, rather than a solid film, a colloidal dispersion of ferrous sulfate particles could be present near the electrode surface. 13 Using the theory developed by Tribollet and Newman, 14 Barcia, Mattos, and Tribollet 7 were able to simulate their experimental results only in the range of low frequencies using a Schmidt number of 8000; whereas, in the bulk solution this number was around 2000. Moreover, the expected high-frequency limit for phase angle of 180
• was experimentally obtained at p values lower than expected. These results induced the authors 7 to assume an empirical viscosity gradient profile from the electrode to the bulk solution. A viscosity gradient profile may be attributed to a concentration gradient from the surface to the bulk solution. In addition, a viscosity gradient may be associated with a nonuniform particle density of the colloidal gel. 15, 16 A coupling between the mass transport and viscosity is necessary to establish the correct viscosity profile.
Calabrese, Barton and West 17 have proposed an empirical law involving viscosity and concentration of KOH and solved simultaneously the mass transport and hydrodynamic equations to take into account their EHD impedance experimental results. However, the authors explain only qualitatively the experimental results.
A coupling approach between mass transfer and hydrodynamic equations was also used by Barcia et al. 18 to describe the steadystate results for iron dissolution in a sulfuric acid medium. They also considered the presence of a viscosity gradient, however, rather than using the empirical law used by Barcia et al., 7 they used a model published by Esteves et al. 19 in which the dependence of the viscosity of a solution and the concentration was supported by the DebyeHückel model. For the approach used by Barcia et al., 18 only one * Electrochemical Society Active Member. * * Electrochemical Society Fellow.
z E-mail: omattos@metalmat.ufrj.br parameter was needed to simulate the stationary experimental results for the iron dissolution in sulfuric acid. The objective of the present work is to calculate the EHD impedance using the previous coupling equations presented for the steady state, 18 and to test this new approach to simulate the experimental results presented in Ref. 7 .
Mathematical Model
Under the assumption of incompressible axisymmetric flow for an RDE with a kinematic viscosity ν that varies along the axial coordinate, 19 the equation of continuity may be written as
v r and v z are the velocities radial (r) and axial (z) respectively. The Navier-Stokes equations can be expressed for the radial and azimuthal components, respectively as:
The convective diffusion equation can be written as
where the diffusivity D i is assumed to be a function of concentration (c i ) and thereby a function of position. The separation of variables proposed by Von Karman 20 for the steady state was combined with the approach proposed by Tribollet and Newman 14 for the RDE under sinusoidal perturbation. Thus, the velocities could be expressed as [6] and are respectively the rotation disk speed and the amplitude modulation of the rotation speed. [7] where ξ = z[ ν(∞) ] 1/2 and F, G, and H are stationary profiles of the dimensionless velocities in the radial direction, azimutal direction and axial direction, respectively. The termsf ,g andh are complex functions of position, and the tilde designates the fluctuation function.
Other dimensionless variables are concentration
viscosity,
and diffusion coefficient
where the overbar designates the steady state condition and the star represents the dimensionless form of the variable. The sinusoidal perturbation θ i gives rise to
The overtilde designates the non steady state condition. Under the assumption that the Stokes-Einstein equation is satisfied,
By introducing Eqs. 5-12 into Eqs. 1-4, and under the assumption that there is no viscosity fluctuation, two set of equations can be obtained: one for the steady state and another one for the non-stationary conditions.
Steady state.-The usual Navier-Stokes equations for a rotating disk were modified to take into account the viscosity variation in the vicinity of the disk. Thus,
and
with the boundary conditions F = H = 0 and G =θ i = 1 at ξ = 0 and F = H =θ i = 0 at ξ = ∞. The prime designates differentiation with respect to ξ. The variable Sc is the Schmidt number defined for conditions far from the electrode, i.e., Sc =
ν(∞) D(∞)
.
EHD impedance.-The usual EHD impedance equations were also modified to take into account the existence of a viscosity variation near the disk, yielding
with the boundary conditionsf =h = 0 andg = 1 at ξ = 0 and f =g =h = 0 at ξ = ∞. When
= 1, the above equations are reduced to the usual form presented by Tribollet and Newman.
14 Equations 13-16 and 17-20 were solved numerically in a staggered grid of uniformly spaced points, using second-order finite-difference approximations for the derivatives.
Results and Discussion
Relationship between viscosity and concentration.-In the previous work, 7 Eqs. 13-15 and 17-19 were solved independently of the convective diffusion equation. As the concentration gradient profile is controlled by the hydrodynamics, it may seem reasonable, in a first glance, that a sequential solution would be appropriate. However, the hydrodynamics and mass transport are necessarily coupled, because while the concentration gradient is controlled by the hydrodynamics, the concentration modifies the viscosity and this changes the velocity field. Barcia et al. 7 solved the uncoupled problem, even in the presence of a viscosity gradient profile, because the viscosity profile used was not explicitly related with the concentration gradient. Concerning the EHD impedance, the concentration profile will fluctuate as a result of fluctuations in the rotation speed of the electrode. Therefore, the viscosity will also fluctuate. However, in the present work, the viscosity fluctuation was considered to have a second order effect and was neglected.
The steady state problem was solved by Barcia et al. 18 using the coupled approach, taking into account an explicit dependence of viscosity on concentration as
At the electrode surface, ξ = 0, thus, m is defined to be
The set of Eqs. 21-22 and 13-16 were solved for specified values of Sc and m. As shown by Barcia et al., 18 a concentration value at the interface is associated for each value of Sc and m. These values must be in agreement with the experimental current value that was measured and given by Barcia et al., 7 i.e.,
nF is the charge involved in the dissolution process. As mentioned by Barcia et al. 7 in Tables I and II , coupled values for m and c i (0) could be obtained from the set of steady-state equations. To select the set in agreement with the experimental data, it is necessary to have more information. This information was obtained by considering the EHD impedance results.
EHD impedance.-The set of Eqs. 13-16 corresponding to the steady state system were solved for given values of Schmidt number and m. The set of non-steady Eqs. 17-20 were solved using the results of the steady-state calculations.
The solution under investigation was 1 M sulfate with Fe 2+ as the transported species; thus, far from the electrode, the Schmidt number was equal to about 2000. The solution of the set of steadystate equations is given in Table I for different values of ν(0)/ν(∞) and for Sc = 2000. As it can be observed, the calculated value of The results are presented in Table II as a function of p for a fixed value of Schmidt number (Sc = 2000), for three different values of viscosity gradient.
As shown by Tribollet and Newman, 14 the values seen in Table II  are the numerical values agree with Tribollet and Newman, 14 thereby validating the numeric code used in the present paper. However, for ν(0)/ν(∞) = 1, the coupling used in the steady state imposes a known Schmidt number (2000 in the present work). These results are totally new and can be better observed in Fig. 1 where the hydrodynamic transfer function Z H D =f (0, p)/f (0, 0) is presented as a function of p.
As shown in Fig. 1 , the hydrodynamic transfer function is strongly influenced by the presence of a viscosity gradient. This result is due to the coupling imposed by the steady state and was not observed in the previous approach. 7 It is important to emphasize that, for p = 10, the value of the phase angle diminishes with increasing viscosity gradient. However, the experimental results of EHD impedance to be simulated show that a phase of 180
• was obtained for lower values of p in the presence of a viscosity profile. The results presented here for the hydrodynamic profile show exactly the contrary, raising the question as to whether the mass transfer contribution compensates this effect.
The contribution of mass transfer is obtained by solution of Eq. 20. As in this case there is not a coupling between mass transport and hydrodynamics, the equation can be solved using the same procedure adopted by Tribollet and Newman. 14 The convective diffusion impedance can be obtained directly from the solution of the homogeneous part of the Eq. 20, i.e.,
The boundary conditions are thatθ h,i → 0 as ξ → 0 andθ h,i = 1 at ξ = ∞. The convective diffusion impedance (Z W ) can be calculated from
The values of Z W calculated by the present numeric code and the ones obtained by Tribollet and Newman 14 are very close for ν(0)/ν(∞) = 1, thus validating the numeric code used in the present work.
The influence of the viscosity profile on the convective diffusion impedance (for Schmidt number 2000) can be seen in Fig. 2 . As seen in Fig. 2 , the value of Z W is strongly influenced by the presence of a viscosity gradient. In this case, a maximum in the phase angle is obtained for smaller value of p at larger viscosity gradient. This work shows that the convective diffusion impedance is sensitive to the presence of a viscosity gradient and may be used, in principle, to extract ν(0)/ν(∞) from impedance measurements. However, the measured electrochemical impedance is also affected by kinetic and capacitance parameters, and it may be difficult to extract the convective diffusion impedance with sufficient accuracy. The advantage of EHD impedance, if compared with EIS impedance and steady state curves, is that the influence of kinetic and capacitance is minimized, thus increasing the sensitivity of the measurement to the influence of viscosity gradients. It is interesting to observe that, for each value of ν(0)/ν(∞), the phase angle approaches −45
• at large values of p. The convective impedance Z c associated with EHD is obtained from
and is presented in Fig. 3 as a function of p for Sc = 2000 and viscosity gradients as a parameter. As shown in Fig. 3 , the convective impedance is sensitive to the presence of viscosity gradients. In the presence of a viscosity gradient, the phase has a maximum whose value increases when the gradient increases. Furthermore, the maximum is obtained for a smaller value of p when the gradient increases. This increasing of the maximum value for smaller value of p is a key role to compensate the hydrodynamic effect seen in Fig. 1 .
The EHD impedance can be calculated from the product of the hydrodynamic transfer function (Z H D =˜f
) and the convective impedance (Eq. 25) 21 as
The experimental results obtained in 1992, 7 are presented in Fig. 4 with the fitting obtained using Eq. 27. The best fit was obtained for ν(0)/ν(∞) = 7 and Sc = 2000, whereas, in the uncoupled approach used by Barcia et al., 7 this gradient value was 4. The increase in ν(0)/ν(∞) obtained by a more correct coupling of hydrodynamics and mass transfer suggests the presence of a more supersaturated solution at the electrode surface. However, the physical meaning of this value could only be better evaluated when the properties of the colloidal dispersion existing from the electrode to the bulk solution will be better investigated and introduced into the governing equations.
With ν(0)/ν(∞) = 7 and Sc = 2000, the set of Eqs. 13-16 can be solved and the concentration profile obtained. By using Eq. 23, the concentration at the wall could be obtained from the experimental values given in Ref. 7 . A value of C(0) = 4 M is deduced, which shows that a super saturation value is existing at the wall. This value is slightly larger than the value of 3.4 M calculated by Orazem and Miller 12 in the absence of viscosity gradients, suggesting that the presence of viscosity gradients promotes the formation of the colloidal gel.
Conclusions
A mathematical development accounting for the solution of hydrodynamic and convective diffusion equations coupled by a relationship between viscosity and concentration was shown to provide insight into the properties of the electrolyte adjacent to an iron disk electrode. The model was fit to previously reported experimental results. As compared to previous work using an uncoupled solution of the governing equations, a larger viscosity gradient was inferred. These results are consistent with the hypothesized formation of a colloidal suspension of ferrous sulfate particles.
The coupled approach used in this work allowed analyze separately the role of convective impedance (Z c ) from the hydrodynamic transfer function (Z H D ) on the EHD impedance. It was seen that the behavior in high frequency range imposing the limit angle of 180
• for lower values of frequencies is mainly controlled by the Z c .
